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Radio Frequency Mictoelectromechanical Systemis and a Method of Manu&cturing such 
Systems ^ 



This invention relates to an electronic device comprising a free*-standing metal 
film, said metal film comprising an alloy of aluminium. It particularly relates to such devices 
in which the free-standing metal film is part of a noicro-electromechanical system (MEMS) 
element. 



Many MEMS structures enq>loy alloyed, rather than pure, metals for the 
purpose of improved mechanical or electrical properties as required by certain device 
specifications. In the reference Zhang, P., Lee, H.J., and Bravman, J.C., 'Mechanical Tests of 
Free-Standuig Aluminium Microbeams for MEMS App^oBAan^^Mechanical Proper^ of 
Structural Films, ASTMSTP 1413, C. Muhlstein and S.B. Brown Eds., American Society for 
Testing and Materials, West Conshohocken, PA, the mechanical properties of titanium (Ti) 
alloyed Al thin films are specifically investigated The fiiee-standing microbeams und^ 
investigation in this reference contain 2% of titanium in atomic percentage, and they were 
formed of the same dimensions and manu&ctured in a similar way to a comparable set of 
pure Al microbeams, such that their mechanical behavior could be direcfly compared By 
comparing the mechanical test results on the alloyed samples with those of the pure Al 
samples, the authors demonstrate the advantages of using Ti (specifically) as an alloying 
material for MEMS devices. 

It is a drawback of such known electronic devices, that the fiiee-standing film 
of an alloy of Al and Ti turns out to be very sensitive for creep. 



It is therefore an object of the invention to provide an electronic device of tiie 
kind mentioned in the opening paragraph, which is less sensitive for creep. 

This object is achieved in that the film comprises an alloy of aluminum, 
magnesium and optionally any fiirther elements. 

The mechanical properties of the firee-standing film are crucial for the proper 
fimctioning of RF MEMS devices. Its elastic modulus and residual stress detennine the 
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required actuation voltages, whereas its yield strength and creep properties determine to a 
large ext^t the reliabilily of Ihe fimal devices. A low value of yield strength, or a hi^ 
sensitivity to creep, could cause plastic (i.e, permanent) deformation, both during processing 
and during operation, which would lead to a device performance that changes in time, or 
even to a highly deformed MEMS device that cannot be actuated properly. 

Looking more closely, it has turned out that these mechanical properties (and 
the resulting thermo-mechanical behavior) are relevant for the devices in different stages of 
the processing and use. First, due to extensive actuation (loading) during use, the mechanical 
properties may change due to relaxation/creep effects, i.e. an incorporated stress released in 
time by deformation. 

Even more important is the behavior during processing, as extensive 
irreversible (plastic) deformation of flie firee-standing metal film parts may occur during 
processing. There are particularly tin:ee stages that give rise to such deformation: the 
provision of the film on a sacrificial layer at increased or enhanced temperature, which leads 
to stress as a consequence of differences in thermal expansion between the materials; 
secondly the removal of the sacrificial layers, as this layer cannot be used anymore for the 
release of any stress; and thirdly, the passing of the device through a reflow oven at increased 
teniperatm:e, giving the risk of surpassing of the jdeld strength. 

As a consequence, it is the insight leading to the invention tiiat both the yield 
strength and the creep resistance need to be sufficiently good, in order that a material is 
suitable for use as a free-standing film. A complicating factor therewith is the good 
conductivity that is required, so as to limit electrical resistances and losses. 

In addition thereto, the mechanical behavior of a firee-standing film cannot be 
expected to be the same as that of bixlk material or even of a conventional thin-fiilm on a 
substrate. In firee-standing thin films, the grain size is typically very small and the absence of 
the substrate leads to both its top and bottom sur&ces being unconstrained 

As was found out in the experiments leading to the invention, the Al-Mg 
alloys have a high yield strength and a good creep resistance, and its properties can be 
optimized by Ihe provision of ftirfher alloying elements such as Cu, Mh and Si. Contraiily, 
other well-known alloys do not provide such excellent resulte. For Al-Cu, the hardness 
increases with copper concentration, but the creep resistance decreases. For Al-Ti, the 
hardness and creep resistance increase with the Ti concentration. However, at low Ti 
concentrations (say 1 to 2%) the creep resistance is less than in pure aluminiimi. If the Ti 
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concentration is too high, the electrical resistivity is thought to decrease. Alloys as AI-Zjdl and 
Al-Li cannot be used under cleanroom conditions, and are thus not suitable anyway. 

In a iirefetred embodiment of the invention, the magnesium is present in an 
atonuc weight percentage between 0.1 and 20 %. More preferred, the amount of noagnesium 
S is between O.S and 10%, most preferred in the range of 1 and 5 %. 

In a fbrther embodiment the material of the fiee-standing film comprises a 
further alloying elemrat. Therewith the mechanical and electrical properties can be further 
optimized. Measurements have indicated that the ternary alloys have a better electrical 
conductivity than the Al-Ti alloys of the prior art. 

10 The fiirther alloying element can be chosen of any element from the groups 11, 

m, IV, and V of the periodic table, as well as the transition metals. Also suitable are the very 
small elements such as hydrogen and lithium. Particularly preferred are elements thereof in 
the rows of the periodic table of magnesium and calcium. Examples include Antimony, 
Arsenic, Barium, Beryllium, Boron, Cadmiimi, Calcium, Carbon, Cerium, Chromium, 

15 Cobalt, Copper, Gallium, Gold, Hydrogen, Indium, Iron, Lead, Lithium, Magnesiton, 

Manganese, Mercury, Molybdenum, Nickel, Niobium, Palladium, Phosfphorus, Scandium, 
Silicon, Silver, Sulphur, Tantalum, Tin, Titanium, Tungsten, Vanadium, Zinc, Zirconium. 

Good results have been obtained with alloys further including copper or 
manganese, such as AlvCuwMg^Mhy, Al vMhwMg^, AlySiwMgxCuyNiz, AlyMgwCu^, 

20 Al vCuwMgxSiy, Al yZUwMgxCuyCrz, Al vLiwCuxMgy. V, w,x, y and z herein indicate the 

relative amounts of the respective elements in the alloy. Ih suitable embodiments, v may be 
in the range of 80-99.8%, and all or any one or more of w,x,y and z may be in the range of 
0-1 to 20%. Good results have been obtained in which the sum of the allojdng elements of 
Mg, Cu and/or Mn was between 3 and 8 %, and wherein the individual elements varied 

25 considerably (for copper from 0. 1 to 4.4 %, for magnesium from 1 to 5 %). It is therewith 
believed that the very good results with the ternary and higher alloys will be present also in a 
broader range, such as that the concentration of the elements Mn and Cu varies between 0.1 
and 10 %. 

The free-standing film may be part of an air-gapped interccnmect structure in 
30 integrated circuits, and also of RF MEMS elements. It is frirthennore suitable for membranes 
for acoustic purposes, for volume corrections of fluid containers, for MEMS elements that 
are used as sensor or actuator. The free-standing films of these plications need to fijlfill ihe 
requirements of good conductivity, high creep resistance, good strength, and 
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manu&cturability with sacrificial layers. First applicatioBS are considered for RF MEMS 
elements. 

It is a further advantage of the free-standing filin of the inventi^ 
design fireedom is substantially increased In feet, the design of the element including the 
S firee-standing beam can be separated from the processing. 

It is another advantage of the fi:ee-standing film of the invention, that it is 
suitable for use as a layer on a substrate as well. This is preferred for reduction of layers in a 
device, and therewith for reduction of mask steps and costs. More importantly, the free- 
standing film generally has a thickness and has a conductivity that makes it suitable as 

10 intercoimect or for the definition of inductors. It is particularly preferred to include a MEMS 
element with the free-standing film of the invention into a network of passive components. 
The MEMS element has generally dimensions that are at least an order of magnitude larger 
than CMOS transistors. This difference in size does not contribute to cost-effective 
integration in one and the same thin-film deposited device. However, the MEMS element can 

1 5 well be integrated with interconnects, inductors and thin-film capacitors and the like, and 

therewith be processed in wafer £abs that axe classified as too old-frishioned for processing of 
advanced integrated circuits. 

A suitable inclusion of the MEMS element in the thin-film network is 
achieved in that the free-standing film is also used for lateral and vertical interconnects, and 

20 for the definition of inductors. A fiuther, base metal layer then comprises a first electrode of 
the MEMS element, which faces the free-standing film or a second electrode coimected 
thereto, and a first electrode of a thin-film capacitor. A sacrificial layer that is needed during 
processing of the free-standing fihn, is tihien only locally removed, so as to create an airgap 
between the first electrode and the free-standing film of the MEMS element The same 

25 sacrificial layer or layers can be used as a dielectric for the thin film capacitor, and as a 

substrate for the lateral interconnect and the inductor. As the thermal expansion coefficient of 
Al-Mg alloys is comparable to that of pure aluminum, there is no need of modification of the 
sacrificial layers used. Preferred sacrificial layers include inorganic materials, that are able to 
withstand temperatures used during reflow soldering. Examples of inorganic materials 

30 include perowskites, silicon nitride, silicon oxide, tantalum oxide and the like. 



The present invention fiirfher extends to a method of manufacturing an 
electronic device comprising a free-standing thin film, the method comprising the steps of: 
providing a top layer of material on a sacrificial release layer; 
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structuring said top layer to define a beam; and 

removing said release layer to render said beam fiee-standing; 
characterized in that said top layer comprises an aHoy of Alununium and at least Magnesium. 

The release layer is beneficially pattemed prior to provision of the top layer 
thereon. The top layer is preferably stmctured by means of, for example, photolithography 
and/or etching, for example, wet chemical etching. The release layer may be removed by 
means of wet or dry chemical etching. In case of dry etching, use can be made of fluorine 
chemistry. This allows local removal of tihte sacrificial layer, if an etch stop layer is provided 
so as to protect the substrate, which is a semiconductor substrate by preference, and most 
adequately a silicon substrate being high-ohmic. 

The electronic device may include an RF MEMS element For such elements it 
is important that it is subsequently packaged hermetically. The step of hennitically packaging 
the device may be achieved by means of a solder ring, and may include the steps of c^lying 
solder and then re-flowing the solder by passing the device through a re-flow oven. 

These and other aspects of the invention will be apparent firom, and elucidated 
with reference to, the embodiments described herein. 



Embodiments of flie present invention will now be described by way of 
examples only and with reference 1o the accompanying drawings, in which: 

Figure 1 is a schematic diagram illustrating the principle of nano-indentation; 

Figure 2 is a schematic sketch of a load-displacement curve; 

Figure 3 is a schematic diagram illustrating the principle of the bulge test set- 
up; 

Figure 4 is a schematic illustration of the principle of the laser-scanning 

method; 

Figure 5 is a graphical representation of the normalized hardness of various 
sputtered aliuninium alloys, measured with nano-indentation. 

Figure 6 is a gr^hical illustration of the normalized amount of creep of 
various sputtered aluminium alloys, measured with nano-indentation. 

Figure 7 is a gr^hical illustration of the result of bulge testing (stress-strain 
curves) for various 1 micrometer fihns; 

Figure 8 is a graphical representation of the bulge test results (stress-strain 
curves) for 2)xm films; 
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Figure 9 is a graphical representation of the stress relaxation of an 
AlCu(lwt%) fihn, shown in the top graph, and an AlCuMgMn film, shown in the bottom 
graph, as measured wilh wafer curvature testing. The AlCuMgJMto fihn exhibits significantly 
less stress relaxation; 

S Figure 10 shows a diagrammatical cross-sectional view of an embodiment of 

the device of the invention; and 

Figure 1 1 shows diagrammatically a cross-sectional view of a device of the 
invention halfway its manufacture. 



10 

RF MEMS switches and capacitors are being extensively studied and 
developed, using different technology platforms and materials. The use of RF MEMS has 
some significant advantages compared with conventional technologies, for example, low 
insertion loss, low power consumption and good isolation. However, one of the main 
IS obstacles to successfid commercialization of KF MEMS devices is their thermo-mechanical 
reliability. 

Thermo-mechanical reliability issues in KF MEMS may show up in various 
ways. First, extensive irreversible (plastic) deformation of the fiiee-standing metal film parts 

20 may occur during processing. The reason for this is the occurrence of large mechanical 
stresses in the film due to thermal expansion mismatch with other materials present in the 
structure and/or deposition stresses, exceeding the yield strength of Ifae metal. This results in 
hij^y deformed devices. In other words, if a material is provided with a stress lower than its 
yield strength, it will deform, but only reversibly. After removal of the force, it will return to 

25 its original size. However, if it is provided with a stress greater than its yield strength, then a 
permanent or plastic deformation takes place, which changes flie dimensions of fee material. 
The hardness of fee material is directly related to fee yield strengfe. 



Second, due to extensive actuation (loading) during use, fee mechanical 
30 properties may change due to relaxation/creep efifects, i.e. an incorporated stress released in 
time by deformation. 



Figure 10 shows diagrammatically a cross-sectional view of a device of fee 
invention, in which fee fi:ee-standing film is part of a M^^S element 10. The device furfeer 
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comprises a thin fihn capacitor 50 and a vertical interconnect 60. The device is present on top 
of a substrate 14, which comprises in this case a body 141 of Si and a thermal oxide surface 
142, This figure illustrates an advantageous embodiment in which the MEMS element having 
three electrodes 20, 30, 220 can be embedded in a passive network that coinprises other 
components as well, and without Ihe need to ^ply any additional metal layer, or sacrificial 
layer. In feet, the first sacrificial layer 16 fimctions also as dielectric of the thin-film capacitor 
50. The electrodes 20, 220, 30 are mutually separated by an air gap 26. The electrodes 51,52 
of the thin-film capacitor 50 are defined in the same metal layers as the second and the third 
electrode of the MEMS element 10. The mechanical layer 12 is not only second electrode 30, 
but also interconnect It is herein of particular importance, that fhe first and second sacrificial 
layers 16, 17 are selectively etched away. It is therewith improved in that not just one 
aperture in the mechanical layer 12 is present, but a plurality of apertures; and in that the 
supporting structure has a substantial extension, i.e. it is primarily wall-shaped and not pillar- 
sh^ed. 

Figmre 1 1 shows diagrammatically a cross-sectional view of a device of the 
invention halfway its manufecture. In this example of processing, use is made of dry etching 
with a C3Fy-plasma of sacrificial layers 16,17. An etch-stop layer 18, fi)r instance of AI2O3, 
protects the surfece of the substrate 14, in this case comprising a Si body 141 with a theimal 
oxide surfece 142, against the fluorine plasma. The MEMS element includes in this case 
again a first electrode 20 in the base layer 13. There are further a sacrificial layer 16, an 
intermediate metal layer 1 1, and a second sacrificial layer 17, and a mechanical layer 12. 

Windows in the sacrificial layers 1 6 and 1 7 have been made only after the 
provision of this second sacrificial layer. This is effected with reactive ion etching. The metal 
layers 13,11 have acted as etch-stop layers, such that at one stage the mechanical layer 12 is 
connected to the intermediate metal layer 1 1, whereas at another stage it is connected to the 
base layer 13. 

The mechanical layer 12 is provided, by sputtering or CVD deposition of an 
aluminium alloy layer at enhanced temtperature (say 400 degrees centigrade). This 
mechanical layer 12 is relatively thick, compared with the normal thickness of thin films, 
gCTierally 1 — 10 micrometers. This layer includes any interconnects and support structures to 
the substrate (however, it will be predated fliat several diff^ent configurations are 
envisaged in this respect, and the invention is not intended to be linaited in this regard). Next, 
flie top layer 12 is structured using photolithography and etching, for example, wet chemical 
etching, so as to define the beam. 
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A mask 22 is applied on top of the mechanical layer 12. This mask 22 includes 
a window 21 to the sacrificial layer 17. Use is made of a polyimide with a thickness of about 
5 Mm. This is suitable in view of the thickness of the mechanical layer 12, for instance 1 |xm, 
and offers sufficient protection against the fluorine plasma. Heieafter, the sacrificial layers 
5 16,17 are locally etched, so as to create the air gap 26 (as shown in Fig. 10). The mask 22 is 
not removed but constitutes part of the beam structure of the MEMS element. In addition, it 
may act as a passivation layer for other elements in the device. 

Following this, the MEMS element, and possibly the complete device, is 
packaged hennetically, since moisture and the like tends to have a detrimental effect on the 
10 functionality of the device. Such packaging may generally be achieved by placing a hermetic 
cap over the device by means of a solder ring, and implemented by providing the solder first, 
and thereafi:er reflowing the solder by passing the device through a refiow ov^ at about 250 
- 300 degrees centigrade. 

There are at least three stages in the process described above which may give 
IS rise to deformation of the beam. Firstly, the deposition of the top layer at an increased or 
enhanced temperature. This involves the provision of a layer on a sur&ce, and the thermally 
induced expansion or contraction of the base mat^al will tend to be different to that of the 
layer, which wiU lead to stress during the cooling stage, following deposition of the layer. 
Thus, it is impCHrtant to a certain extent that the material used to form the layer is hard enough 
20 to prevent plastic deformation. 

Secondly, the removal of the sacrificial layer the firee-standing beam 
(following this process step) wiU have different mechanic£il behavior to that of the beam 
when it is on a surface, and the stress present in the beam up to the removal of sacrificial 
layer is released by creep after removal of the sacrificial layer. Uncontrolled deformation 
25 may result, with correspondiug electrical effects. 

Thirdly, the passing of the MEMS device through the refiow oven: the 
increased temperature employed during this process step may give rise to deformation 
through the surpassing of the yield strength. 

30 As explained above. Hie mechanical properties of the fijce-standing film are 

cracial for the proper functioning of KF MEMS devices. Its elastic modulus and residual 
stress determine the required actuation voltages, whereas its yield strength and creep 
properties determine to a large extent the reliability of the final devices. A low value 3deld 
strength or high sensitivity to creep could cause plastic (i.e. permanent) deformation, both 
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during piocessing and daring use, which would lead to a device perfonnance which changes 
over time, or even to a highly deformed MEMS device that cannot be actuated properly. 
There are various techniques for testing the mechanical properties of fiee-standing thin film. 
Nano-indentation, bulge testing, and substrate curvature experiments can be used to estimate 
5 yield strength, elastic modulus and creep properties, whereas special mechanical test 
structures may be used to measure mechanical stresses. 

However, although aluminium alloys may seem prima facie to comprise a 
class in itself, having similar properties and microstractures, this is not the case. The 
microstructure of different Al alloys can vary greatly, such that their mechanical properties 
10 (among others) may also vary greatly. Particularly, there are two main groups: solid 

solutions, in which the alloying element is more or less homogeneously distributed and 
incorporated in the crystal structure; and stmctures, wherein the intermetallic compounds are 
present around the grains or inside the grains of the aluminium. Combinations of these are 
also possible. 

IS It is also worth nothing here that the alloy must have a good electrical 

conductivity, such that, for example, Al-Si alloys cannot be used. 

In accordance with the invention, the fiee-standing thin film comprises an 
alloy of aluminium and at least magnesium. This has been found to display significant 
advantages over the Al-Ti proposed in the above-mentioned reference, in that the properties 

20 (such as those relating to creep) are less sensitive as they are not dependent on variations in 
Ti content. Furthermore, the actual hardness and creep resistance has been found to be 
significantly improved 

Experiments performed in respect of various free-standing thin films will now 
be described and explained. In these experiments, the hardness and creep of thin films of 

25 various aluminium alloys are determined. It is important to note that the experiments relate 
specifically to thin films. The mechanical properties of aluminium alloys in bulk are well 
known in the art However, due to the different sur&ce/volume ratio in thin films, and fiirlfaer 
due to the large fiee sur&ce area of the fireestanding beam (as opposed to laminated layers 
having only interfaces), the mechanical properties of thin films cannot be assumed to be the 

30 same as in bulk materials. 

A brief description of the mentioned techniques will now be given. 
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Nano-indentation 

Nano-indentation can be used to estimate the yield strength and the (primary) 
creep properties of various materials used for a fcee-standing thin j51m. The principle of nano- 
indentation is illustrated in Figure 1 of the drawings. A sharp diamond tip (the indenter) is 
S pressed into the material with a certain load, while at the same time the displacement of the 
tip is measured. A load-unload cycle produces a load-displacement curve, as shown in Figure 
2 of the drawings. Analysis of this curve gives information about the elastic modulus, the 
hardness, creep properties and (for brittle materials), the fracture properties of the indented 
material. As stated above, the hardness is particularly relevant in the context of the present 
10 invention, because for metals it is proportional to the yield strength. 

The hardness H is defined as the ratio between the maximum load P and the area of contact ^ 
between the indenter and the sur&ce at maximum load: 

H=^P (1) 
A 

IS The area>4 is obtained from the measured indentation curve, as is known in the art. In creep 
experiments, tiie maximum load is held fixed ^ a certain period of time (tihe 'liold period"), 
during which tiie change in displacement gives information about creep properties. Hence a 
qualitative measure of creep from indentation experiments is A/i, the change in displacement 
during the hold period A^. 

20 

Bulge Testing 

While nano-indentation can be used to measure properties of '"fixed" films, i.e. films attached 
to a substrate, the technique of bulge testing allows the mechanical characterization of firee- 

2S standing films. The principle is shown in Figure 3. The sample needed consists of a 

rectangular membrane of tiie film (size IG^Amsxi)^ that is mounted in the bulge tester. A 
pressure is ^plied to this membrane, and the result is that the membrane will deform, that is 
it will '"bulge". The maximimi deflection of the membrane is determined by measuring the 
deflection of a laser beam reflected by the membrane. From the applied pressure P and the 

30 measured deflection ho, the stress a and the strain e can be coinputed with help of the 
following equations, in which t is the thickness of the film, and a its (smallest) width: 



(2) 
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(3) 



A stress-strain relation can dms be obtained, whicli means that it would in principle be 
possible to determine the elastic modulus and Ihe yield strength from the bulge test 
measurement Also, the (initial) residual stress can be determined, at least if this is a tensile 
stress. 

Substrate Curvature Measurements 

To study secondary or steady state creep properties, substrate curvature measurements can be 
used. These measurements are complimentary to the indentation-creep measurements fliat 
covered only the initial, primary creep. Thus, the evolution of the stress in the thin films as a 
function of time and ten^perature was measured. The most accurate and sinqplest way of 
measuring film stress is to measure substrate curvature using tiie laser-scanning method. This 
is a derivative measurement in that the measured change in displacement of the reflected 
laser beam is proportional to the change in the slope of tiie tangent line to the sur&ce of the 
wafer, 



A beam of laser light reflects ojff the sur&ce of a curved substrate at a certain angle and is 
detected at a certain position (Figure 4). Upon moving the laser beam to a new position, the 
light reflects at a different angle and is detected at a different position on the photodecoder. 
The linear motion detected by the photodetector can be converted into changes in angle as a 
function of position on the substrate, and in turn can be used to find the curvature of Ihe 
substrate. 



By measuring the change in wafer curvature (slopeF=2/R) and using following expression 
(Stoney's equation) the stress in thin films can be calculated. 



afiim = Esab/[6(l-Vsub)]* tsob^tfito '(l/R-lRo) 



where a fom is the stress in the thin film, Esob and Vsnb are the modulus of elasticity and the 
Poisson's ratio for the substrate, tsnb and tfflm are the substrate and film thickness, respectively. 
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Ro is the mitial tadius of curvature before film deposition or after film removal, R is fhe 
measured radius curvature. 

In order to obtain a value for R<), fhe sample must be measured wit^^ 
film. For this purpose the film is removed after the experiment using a solution of 
S H2O2/H2SO4 and the curvature as function of temperature is measured again. 

If during wafer curvature testing, the temperature is held constant, stress 
relaxation may be observed. The change in time of the radius of curvature is measured, and 
the evolution mechanism of stress relaxation is identical to that causing creep. 

10 Specimens and Materials 

For nano-indentation, bulge testing, and substrate curvature testing, special samples were 
prepared. In case of nano-indentation and substrate curvature testing, these were uniform 
sputtered metal films, deposited cm a film of silicon oxide or nitride on a silicon wafer. For 
the metal, a range of different Al-alloys was made. An overview is given in table 1 (below). 

15 For the substrate curvature measurements, only AlCu(4 wt %) and A1V(0,15 wt %)Pd(0.1 
wt %) and ClCuMg^Mh were used. 



AUoy 


Wt.% 


Thickness jjun] 


Al 




5 


AlCu 


4 


5 


AlCu 


1 


5 


AlCr 


2(at%) 


5 


AlTi 


1 (at%) 


5 


AlVPd 


0.15(at%)-0.1 (at%) 


5 


Al 






AlV 


l(at%) 




AlTiB 


94-5-1 




AlMnMg 


97.8-1.2-1 (at%) 




AlCuMgMn 


93.5-4.4-1.5-0.6 (at %) 




AlMgCu 


94.9-5.0-1.1 (at%) 




AlMgCuSi 


97-1-1-1 (at%) 




AlSiMgCuNi 


85.2-12-1-0.9-0.9 (at %) 





Table 1: Nano-indentation test specimens 
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For bulge testings thin metal film membranes were made in fhe following way. A 0.5[xm 
Si3N4fiIm was deposited on both sides of a silicon wafer using PECVD. Using reactive ion 
etching, a rectangular region of the size of the final membrane (4*16mm) of the nitride layer 
5 was removed from one side of the wafer. In the next step, the nitride was used as an etching 
mask in KOH etching of the silicon: a rectangular hole was obtained leaving on one side a 
nitride membrane. The metal jBDbmi was sputtered on the silicon nitride membrane. Thus, a 
membrane consisting of two layers, namely a nitride layer and a metal layer, was obtained. 
The last step was to remove the nitride layer with reactive ion etching so that a free-standing 
1 0 metal membrane was obtained. 

A number of membranes with varying metals, all Al alloys, and thicknesses were prepared. 
An overview is given in table 2. 



AUoy 


Wt% 


Iluckness [jim] 


AlCa 


4 


1.5 


Al 




1 


AlCu 


4 


1 


AlCr 


2(at%) 


1 


AlCu 


1 


1 


Al 




1.5 


Al 




0.5 


AlCu 


1 


1 


AlCu 


1 


1.5 


AlCu 


1 


0.5 


AlTiB 


94-5-1 


2 


AlMoMg 


97.8-1.2-1 (at %) 


2 


AlCuMgNfo 


93.5-4.4-1.5-0.6 (at %) 


2 


AlMgCu 


94.9-5-0.1 (at%) 


2 


AlMgCuSi 


97-1-1-1 (at%) 


2 


AlSiMgCuNi 


95.2-12-1-0.9-0.9 (at%) 


2 



Table 2: Bulge test specimens 



15 
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Results 

Nano-Indentation . 

The results of the nano-indentation experiments are summarized in Figures S 
5 and 6. Figure 5 depicts the measured hardness, normalized with the hardness measured for 
pure Aluminium. The dissplacement during the 30 second hold period, normalized by the 
value for pure aluminium, is illustrated in Figure 6. These results represent only the 
measurements in which the indentation depth was approximately 0.2 times the film thickness. 
This ensures that all measurements were equally ajBfected by the presence of the silicon 

10 substrate, and may therefore be directly compared with each other. It is clear that all of the 
alloys have a larger hardness, and therefore a hi^er yield strength, than pure Aluminium. 
High values are particularly found for AlCuMgMh and AlSiMgCuNi. 

Figure 6 is a graphical illustration of the normalized amount of creep of 
various sputtered aluminium alloys, measured with nano-indentation. To be able to make 

IS mechanically stable KF MEMS devices, it is necessary to have both a high yield strength (i.e. 
high hardness), and low a*eep. Figures 6 and 7 show that these two properties may show 
qpposite trends. AlCu(lWt%), fi)r example, shows very littie oreep, but at the same time has 
a relatively small hardness. AlCu(4Wt%), on the other hand, has a high hardness, but a lot of 
creep. AlCuMgMn and AlMgCu have both a high hardness and littie creep. The reason for 

20 the opposite trends is that creep and hardness can be determined by different (micro- 
stmctural) mechanisms. 

Bulge Testing 

Figure 7 summarizes the bulge test results. 

25 

Figure 7 shows stress-strain curves until fracture of the membrane occurred, foimd for the 
l|im membranes. All samples have an initial tensile stress, which is different for the various 
samples. Renmrkably, all samples show only small or no yielding, and they exhibit rather 
^"brittie" behavior (i.e. only plastic defomtiation until fracture). The fracture stain is quite low 
30 compared to typical values for bulk alloys (which can range between 3 and 30%). Li bulk 
materials, fracture is always preceded by extensive plastic deformation, which explains this 
dif^ence. The ultimate strength, that is the stress at fracture, on the other hand, is relatively 
large for the films when compared to bulk materials. The Young's modulus computed from 
the curves is indicated in Figure 7. The value is around 50 GPa, which is significantiy lower 
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than tiie value measured for bulk Al alloys, whiclx is 70 GPa. For films used as liie actuated 
layer in RF MEMS, it would be advantageous to have a stress range between Ihe initial stress 
and the ultimate strength that is as large as possible. The AlCu (4 wt%) film has the largest 
range, as can be seen in Figure 7. This is consistent with the large hardness value found for 
this alloy (see Figure 5). 

Figure 8 depicts the results for five of the 2\jm membranes. 

The Young's modulus is lower than the bulk value of 70 GPa. Quite remarkable behavior is 
shown by AlCuMgMn, that has a very large range betweem the initial stress and the ultimate 
strength. This behavior is consistent with the high hardness and low creep as found by nano- 
indentation (Figures 5 and 6), and indicates that this alloy would be one preferred eKsmpIaiy 
^bodiment of the invention. 

Wafer Curvature Testing 

Figure 9 shows results of the wafer curvature tests. The long term stress evolution in time at a 
temperature of 77*0 is depicted for AlCu(4w1%) and AlCuMgMn. The stress relaxation is 
directly related to creep properties. The figure shows that the long-term stress relaxation, and 
hence the long-term creep, is fer less pronounced for the AlCuMgMn alloy than for 
AlCu(4wt%). This is consistent with the nano-indentation results of Figure 6. 

Thus, in summary, the experiments described above illustrate the following: 

• For Al-Cu, the hardness increases with copper concentration, but the creep resistance 
decreases. 

• For Al-Ti, the hardness and creep resistance increase with Ti concentration. However, 
at low Ti concentrations (say 1 - 2%), the creep r^istance is less than in pure 
aluminium. If the Ti concentration is too hi^^i, the electrical conductrvily is thought to 
decrease. 

• Al-2^ and Al-Li cannot be used in the clean room. 

• The Al-Mg alloys are found to have a high yield strength and a good creep resistance, 
and its properties can be optimized by Ihe provision of forther alloying elements such 
as Cu, Mn and Si. 
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The electrically conductive properties of the Al-Mg alloy of the invention is clarified with 
respect to the known Al-Ti alloy, in the Table 3 



alloy or metal 


resistance (p£l/cxd) 


AlgsMgsCUo.! 


5.4 


Al93.5CU4.4Mgi.5Mno.6 


6.8 


Al97MgiCuiSii 


6.2 


Al 


3.7 


AI99CU1 


4.0 


AI96CU44 


4.5 


Al99Tii 


11 


Al94Ti5Bi 


17 



Table 3 — electrical resistivities for Al and selected Al alloys. 

5 

As is clear from fhese results, the increase in conductivity of the Al-Mg alloys 
with respect to pure Al or AlCu alloys is relatively limited in compared to the Al-Ti alloys. 
This increase in resistance of a &ctor two appears to be within the specifications for use in 
the RF MEMS devices. 

10 

It should be noted that, although the firee-standing thin film of the present 
invention has been described specifically with reference to RF MEMS devices, it will be 
appreciated that they may also be suitable for other applications, for instance, airgapped 
interconnects in an integrated circuit 

15 

It should be noted that the above-mentioned embodiments illustrate rather than 
limit the invention, and that those skilled in the art will be capable of designing many 
alternative ^ibodiments without departmg from the scope of the invention as defibmed by the 
appended claims. In the clainois, any reference signs placed in parentiieses shall not be 
20 construed as limiting the claims. The word "comprising" and "comprises", and the like, does 
not exclude the presence of elements or steps other than those listed in any claim or the 
specification as a whole. The singular reference of an element does not exclude the plural 
reference of such elements and vice-versa. In a device claim enumerating several means, 
several of these means may be embodied by one and tiie same item of hardware. The mere 
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&ct that certain measures axe recited in mutually different dependent claims does not indicate 
that a combination of these measures cannot be used to advantage. 
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CLAIMS: 



1 • An electronic device comprising a ftee-standing thin film (30), the thin film 

(30) comprising an alloy of Aluminium and at least Magnesium. 

2- An electronic device as claimed in claim 1, comprising an alloy of 
Aluminium, A^bgnesium and at least one finrther material. 

3- An electronic device as claimed in CSaim 2, wherein said at least one further 
material comprises one or more of Copper, Manganese, Silicon, Nickel, Chromium, and 
Lithium. 

4. An electronic device as claimed in Claim 1 ,2 or 3, wherein the Mg content is 

between 0.1 and 10 atomic weight per cent 

^- An electronic device as claimed in Claim 3, wherein said one further material 

comprises copper in an amount between 0.1 and 8 atomic weight per cent 

^- An electronic device as claimed in Claim 3 or 5, wherein the sum of the 

contents of magnesium, copper and manganese is between 2.5 and 10 atomic weight per cent 

7. An electronic device as claimed in Claim 3 or 6, yvhertan the alloy is chosen 

firom the gmup of AlyMgwCuxMh,, Al^^MUy, AlyMgwCu^SirfNizs, Al vMgwCux, 
AlvMgwCuxSizi, AlvMgwCuxZnzjCfz*, AUMgwCu^Lizs, with 80 < v < 99.8; and OA^w^ 
8.0, 0.1 ^ X ^ 8.0, 0.1 ^ y ^ 4.0 and zl, z2, z3, z4, z5 each smaller than 20, and preferably 
smaller than 5. 



8- A method of manufacturing an electronic device comprising a fcee-standing 

tiiin film (30), the method comprising the steps of: 

- providing a mechanical layer of material (12)on a sacrificial release layer (16,17); 

- structuring said mechanical layer (12) to define the film (30); and 
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- removing said release layer (16, 17) to render said film (30)firee- standing, 
chaiacterized in that said top layer coinpiises an alloy of Aluminium and at least Magnesium. 

9. A method according to claim 8, wherein said release layer (16, 17)is patterned 

prior to provision of said mechanical layer (12) thereon. 
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ABSTRACT: 



Ab RF MEMS device comprising one or more free-standing thin films 
configured for motion in response to actuation or stimiilation, the one or more thin films 
comprising an alloy of Alimiinium and Magnesium, and optionally one or more further 
materials. The resultant tUn film has improved hardness and reduced creep relative to 
5 conventional thin films. 
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FIG. 5 



1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 



Normalized amount of creep of sputtered Al-alloys 





















































































_ £ 


















































1 




■ 








' 1 * 




' 1 * 




1 




1 




~tn 11 ■ Bi 



0.0 



FIG. 6 



PHNL031309 




(Bd) ssafls 



PHNL031309 



5/7 

s 

H- 

1 \ 

od 




(Bd) SSSJIS 



PHNU)31309 

6/7 




h 1 1 1 1 1 1 r 

0 5 10 15 20 25 30 35x10 



Time (s) 




Time (s) x 1000 



FIG. 9 



V 



PHNLJ031309 




: PCT/IB2004/052201 




